future science group d-Ala-d-Ala terminus peptides using f luorescence detection. To prove this concept, we studied the interaction between the fluorescently labeled peptide 5-carboxyfluorescein-dAla-d-Ala-d-Ala (5-FAM-(DA) 3 ) (1) and Ristderivatized magnetic microbeads. The binding of 5-FAM-(DA) 3 to Ristbeads was measured via spectrofluorometry, an in-house fluorescentdetection instrument and fluorescence microscopy. We also studied the binding between Staphylococcus aureus bacteria and Ristbeads in a competitive binding assay.
Experimental section
Materials 5-FAM-(DA) 3 was synthesized by Anaspec Inc. (CA, USA). Tetramethylethylenediamine (TTMED), N-(3-dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC), glycidyl methacrylate (GMA) and dimethylacrylamide (DMA) were purchased from Sigma Chemical Company (MO, USA). Dialysis tubing (molecular weight cut off MWCO = 3500) was purchased from Fisher Scientific (PA, USA). Negative-type photoresist SU-8 2025 and developer were obtained from Microchem (MA, USA). Polydimethylsiloxane (PDMS) oligomer and its crosslinking agent (Sylgard 184) were purchased from Dow Corning (MI, USA). Carboxylic group terminated Dynal ® magnetic beads (2.8 µm in diameter) were purchased from Invitrogen (CA, USA). Rist was obtained from BioData Corporation (PA, USA).
Molding master fabrication
Microchannels were designed using AutoCAD software (CA, USA). Designs used in this study were: T-shaped channels (80-µm wide and 3-cm long) and straight line with a taper (80-300-µm wide and 5-cm long). The AutoCAD patterns were printed on a high-resolution (20,000 dots per inch) photomask by CAD/Art services, Inc (OR, USA). The design was printed on a mask with white lines on a black background. Negative-type photoresist masks were created and used for this study. Approximately 2 ml of SU-8 2025 was spin-coated onto a 3-inch silicon wafer at 500 revolutions per minute for 15 s to give a thickness of approximately 100 µm [101] . The wafer coated with SU-8 was covered with aluminum foil to avoid unnecessary light exposure. After spincoating with SU-8, the wafer was soft baked for 5 mins at 65°C and then baked for 20 min at 95°C. The wafer was exposed to UV light for 60-90 s on the mask aligner. After exposure, the mask was removed and the wafer was first baked for 2-5 min at 65°C and then for 8-10 min at 95°C. The mold was cooled to room temperature and developed in a glass Petri dish with the developer solution under the hood for 7-10 min. Upon completion of developing, the master was washed with ethanol and water, air dried and baked at 75°C for 30 min.
PDMS chip fabrication
Sylgard 184 PDMS prepolymer from Dow Corning (MI, USA) was mixed thoroughly with its curing agent at the volume ratio of 10:1 and the mixture was degassed in a vacuum chamber. After degassing, the mixture was evenly poured over the mold and the whole set was baked at 75°C for 2 h. The PDMS replica was then peeled off the mold, washed and air dried. Several 25-µm diameter holes were punched on the chip and these served as reservoirs for liquid input and output. The PDMS replica was thoroughly washed with ethanol and exposed to an oxygen plasma to seal the chip to a clean cover glass (VWR microcover glass, VWM, USA). The microchannel inner surface of the freshly made chip was modified with a self-assembled hydrophilic polymer [11] . The coating solution was manipulated through the chip for 7 min and dried for 30 min at 75°C.
Derivatization of magnetic beads with Rist
Carboxylic acid-terminated (-COOH) magnetic beads (100 µl) were used from a stock solution (2 × 10 9 beads/ml). Magnetic beads were washed five times with 2-(N-morpholino)ethanesulfonic acid (MES) buffer (25 mM, pH 5). After each wash, the beads were separated from the solution using an external magnet and the supernatant was discarded. After the final wash, a 60-µl solution of Rist (10 mg/ml) in MES buffer (25 mM, pH 5) was added to the magnetic beads and mixed for 30 min with shaking. A freshly prepared EDC solution (30 µl; 100 mg/ml in cold MES buffer) and MES buffer (10 µl) were added to the magnetic bead solution. The mixture was incubated at room temperature with moderate shaking for 6-12 h. After incubation, magnetic beads were separated from the solution with a magnet and the supernatant was discarded. The beads were resuspended in Tris (50 mM, pH 7.4), followed by 15 min of shaking. The Tris (50 mM, pH 7.4) buffer was used to quench unreacted carboxylic acid groups. Following addition of the Tris buffer,
StaphylococcuS aureuS
Spherical bacterium frequently found in the nose and skin of a person and is the most common cause of Staphylococcus infections
MicRobeads
Small uniformly-sized spherical particles of micrometer dimensions future science group the beads were separated from the solution and washed five times with phosphate buffer solution (PBS); (100 mM, pH 7.4, 150 mM NaCl and 0.1% bovine serum albumin [BSA] ) to reduce the likelihood of nonspecific binding. Finally, the magnetic beads were washed once more with PBS buffer (100 mM, pH 7.4 and NaCl 150 mM) and were then resuspended in 1 ml of PBS buffer. In a previous study, the derivatized magnetic beads were found to be stable for approximately 1 month when stored at 4°C.
Preparation of bacteria
The S. aureus colonies from a freshly streaked Luria-Bertani (LB) agar plate were inoculated into LB broth in an Erlenmeyer flask. The colonies were grown in 37°C for 2 h and then centrifuged at 6000 rpm for 30 min. The pellet was resuspended in PBS (NaCl 137 mM, KCl 2.7 mM, Na 2 HPO 4 10 mM and KH 2 PO 4 2 mM). A serial dilution of the culture in PBS was obtained from 10-12 to 10-19 at OD600. The S. aureus live-cell counts (cfu) per unit volume for these cell suspensions were determined by tenfold serial dilution and plating 100 µl of diluted samples onto an LB agar plate (incubated overnight at 37°C). The number of colonies (30-300) were counted and cell counts (cfu/ml) for the original cell suspensions were then determined. The bacteria samples were good for experiments for 2 h when kept on ice.
Spectrofluorometer Spectrofluorometric measurements were performed at a constant wavelength setting on a Fluoromax-3 spectrofluorometer. The excitation was set at l = 488 nm and the emission at l = 520 nm.
In-house fluorescent instrument
The in-house f luorescent instrument was designed to detect fluorescence on the microfluidic chip. The instrument is composed of two objective lenses, several filters, a pair of fiber optic cables, an HPX 2000 Xenon high-power light source, HR 2000+ detector, xyz stage and a chip holder. A Spectra Suite computer program was used to collect the data. The Xenon light source has a wavelength range between 220 and 750 nm. Filters were used to confine the excitation and emission wavelength to 475 and 520 nm, respectively. The xyz stage was adjusted to find the optimal position of the chip for signal readings. The chip was moved in all directions to make sure that the light hit exactly the center of the microchannel. To check the position, the channel was first filled with PBS buffer and stored in the dark. A reference reading was then taken and stored for background subtraction.
Fluorescence microscopy Fluorescence data collection was performed on an inverted epi-fluorescence microscope (Nikon Eclipse-2000U) equipped with a charge-coupled device (CCD) camera (IN1830; Diagnostic Instruments, Inc., Sterling Heights, MI, USA). A 40× objective was used to focus the excitation and emission light. Image acquisition (16-bit grayscale) was performed via the CCD camera controlled by SPOT™ software. The exposure time for each shot was 1 ms. The intensity data were then extracted with ImageJ [12] .
Binding experiment
The suspension-based method was used to collect the fluorescence data. The bead suspension contained approximately 2.2 × 10 6 beads/ml. The number of beads used in each sample tube was calculated based on the volume taken from a well-vortexed suspension. In order to obtain a homogeneous bead suspension, the solution was agitated for 30 min prior to use. Different concentrations of 1 were prepared (1-500 µM; 160 µl) and incubated with 15 µl of beads (including Rist-derivatized and -underivatized beads) in Eppendorf tubes with slight shaking for 15-30 min. Upon completion of incubation, the beads were separated from the solution using an external magnet. The supernatant containing free 5-FAM-(DA) 3 was extracted with a narrow-tip pipette and loaded into a curvette or a microchannel for measurements of fluorescence intensity. For each concentration, three independent runs were performed with the reaction time kept constant. Here, I 0 is the fluorescent intensity for 5-FAM-(DA) 3 before reacting it with the Ristbeads and Ir is the fluorescent intensity after reacting 5-FAM-(DA) 3 with the Ristbeads [1] . The binding curves were fitted with GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) using the Langmuir isotherm [13] to obtain the binding constants.
Results & discussion
Spectrofluorometer The first series of experiments was conducted to study the extent of binding between the Rist beads and 5-FAM-(DA) 3 . Different concentrations of 5-FAM-(DA) 3 were prepared from the stock solution and the fluorescence intensity were measured. The emission of 5-FAM-(DA) 3 was observed at 520 ± 5 nm. We also observed a good linear relationship between ligand concentration and fluorescence intensity (data not shown). The LOD was determined to be 1 nM. A previous study in stability and reactivity of antibiotic modified beads showed that the formation of equilibrium between Rist beads and 5-FAM-(DA) 3 is complete in 15 min and the Rist-modified magnetic beads are fairly stable (17% decrease) when stored in the PBS buffer (pH 7.4) at 4°C for a period of 1 month [1] . The fluorescent intensity of free 5-FAM-(DA) 3 is an indirect method of measuring the amount of ligand bound to the Rist beads. For every concentration, a control sample (non-Rist beads) and sample (Rist beads) were sequentially tested in a fluorometer. If 5-FAM-(DA) 3 binds to the Rist beads, the concentration of free 5-FAM-(DA) 3 in the supernatant will be less than the control. The best operating parameters of the spectrofluorometer for this study was a slit size of 1.7 nm and a combination of different filters (32, 50 and 82% T). With this combination, we obtained the binding isotherm for 5-FAM-(DA) 3 , respectively.
future science group
In-house fluorescent detection instrument Using a similar procedure, another binding study was conducted using the in-house fluorescent detection instrument. Unlike the previous study, in which a 0.5-cm cuvette was used, this study utilized a PDMS chip with a channel size of 500 × 3000 × 100 (W × L × H) µm. Since the light hit the sample from below the chip, the height of the microchannel was the path length. Based on the lenses used (10×), the LOD for the in-house fluorescent detection instrument was 5 µM for 5-FAM-(DA) 3 using a 100-µm path length. The linear relationship between ligand concentration and fluorescence intensity was also confirmed (data not shown). The binding study was performed using the optimal operating conditions found in our previous study. A series of runs were performed to find the binding curve with different concentrations (10-500 µM) of 5-FAM-(DA) 3 , which is consistent with the result from the commercial spectrofluorometer (FiGuRe 1b) .
Fluorescence microscopy
For intensity data collection, the incubated and original ligand solutions were pumped into a PDMS chip mounted on an xy stage. Images of the microchannel filled up with ligand solutions were acquired with a CCD camera mounted on the microscope. To minimize ligand photobleaching, we made the exposure time as short as possible (1 ms in this study), while still maintaining a good fluorescence intensity profile over the concentration range studied. The LOD for this system was determined to be 10 nM 4 M-1, respectively, which are all in good agreement. We also demonstrated that the magnetic bead-based immunoassay could be used to detect bacteria at low concentrations. There are three important new features in this work. First, the simpler microfluidic chip design eliminates the need of additional steps for magnet alignment and bead packing, as used in our previous study [14] . Second, the inclusion of fluorescence imaging enables us to work in a wider concentration range from nanomole to micromole. With a good design, this technique has proved to be an effective detection technique for microchip applications [15] because of its high spatial and temporal resolution, which make possible realtime and multiplex detection methods (e.g., multicolor and multilane ana lysis). Lastly, the fluorescence method detailed in this work does not require a change in electrophoretic mobility (caused by a difference in charge, mass or both upon receptor complexation with the ligand) to determine the K b , as reported in our previous work using CE [16] . This is much simpler because there is no need to perform any separation on the microchip.
In this work, we measured ligand concentrations in the supernatant to indirectly determine the amount of bound ligand for binding data. In future work, we will employ our fluorescence microscope system to directly measure the amounts of ligand bound onto derivatized beads packed in multiple channels on one single chip for parallel detection, thereby significantly increasing the sample throughput. 
